separated from normal serum and which is bactericidal for a variety of gram-positive bacteria including Bacillus subtilis. Purified ,B-lysin is not denatured at 97 C for 15 min. The bactericidal activity of six of nine j3-lysin preparations was unaltered at 97 C for 30 min and was depressed 50% in the other three preparations. After 120 min at 97 C, the bactericidal activity was between 13 and 25% of normal. f3-Lysin was completely inactivated at 120 C for 15 min. Antisera prepared in guinea pigs against purified rabbit ,B-lysin neutralized the bactericidal activities of purified ,B-lysin, normal rabbit serum, platelet extracts, and purified plakin. This serological relationship between ,8-lysin and plakin was also demonstrated by the observation that antisera against platelets neutralized the bactericidal activities of serum, platelet extracts, and purified ,8-lysin. When anti-,B-lysin serum was tested against crude bactericidal extracts of leukocytes and purified leukin, no neutralization of these bactericidal substances was measurable. The results of this study are in accord with conclusions made in previous studies that platelets are a primary source of serum,B-lysin and that leukocytes contribute little, if any, to this type of serum bactericidal activity. Ouchterlony tests, in combination with the neutralization studies, indicated that the antigen-antibody system involved in the neutralization of ,3-lysin may be a nonprecipitating system. Cellular constituents of blood have been implicated as a source of f3-lysin, the bactericidal substance in normal serum which is lethal for a variety of gram-positive organisms. 13-Lysin has 1 Presented in part at the Annual Meeting of the American Society for Microbiology, Washington, D.C., 1964. been separated from both antibody and complement and is not dependent on these serum components for bactericidal activity (Donaldson, Ellsworth, and Matheson, 1964) . Gengou (1901) reported that plasma or plasma serum, which is a serum obtained from plasma coagulated in the absence of cellular constituents, exhibited little or no bactericidal activity. He suggested that the bactericidal component in serum was released by cells which ruptured during blood coagulation. In 1953 it was noted that the loss and return of serum bactericidal activity after total body X-irradiation correlated more closely with the loss and return of platelets than with the other particulate constituents of blood (Donaldson, 1954) . Addition of anticoagulants to blood prior to coagulation suppressed this type of bactericidal activity; anticoagulants had little or no effect on serum activity if added after coagulation (Donaldson and Marcus, 1958) . Hirsch (1960) collected plasma without using anticoagulants, and allowed such plasma to coagulate in either the presence or absence of cellular elements. Serum from plasma which coagulated in the absence of blood cells or in the presence of erythrocytes or leukocytes was not bactericidal. In contrast, bactericidal activity of plasma serum correlated with the concentration of platelets in the plasma during coagulation. Amano, Kato, and Shimizu (1952) purified a thermostable bactericidal extract from platelets which they called plakin. An extract, leukin, from leukocytes, which is lethal for certain gram-positive bacteria, was purified by Skarnes and Watson (1956) . Leukin and plakin were believed to differ from the normal serum bactericidal component, g-lysin, since they had been reported to be more heat-resistant (Skarnes and Watson, 1957) . This investigation demonstrates that the thermostability of purified f3-lysin is in the same range as that of plakin and leukin. In addition, the serological relationships among plakin, leukin, and ,B-lysin have been determined 1049 by use of neutralizing antisera prepared in guinea pigs against purified f,-lysin.
MATERIALS AND METHODS
Purification of /3-lysin, plakin, and leukin. /3-Lysin was separated from other serum components by a purification procedure developed in this laboratory. This procedure was reported in detail elsewhere (Donaldson et al., 1964) . The purification technique consists of adsorbing ,B-lysin to a Seitz filter, eluting it with 1.5 M sodium chloride, dialyzing it against distilled water, and using differential ultracentrifugation for further purification and concentration. After such a purification procedure, j3-lysin preparations are obtained with specific bactericidal activities per unit nitrogen which are 1,500 to 5,000 times greater than those of the original sera. The technique of Amano et al. (1952) was employed in the extraction and purification of plakin from platelets. Leukin was purified from peritoneal leukocytes according to the procedure of Skarnes and Watson (1956) .
Bactericidal assay. Quantitative measurements of bactericidal activity were carried out with a technique similar to that previously described for measuring /3-lysin activity (Donaldson et al., 1964) . In this assay, a standard inoculum of Bacillus subtilis is added to serial dilutions of the bactericidal preparation being tested. The bacteria are incubated with the diluted sample for 2 hr at 37 C before nutrient agar pour plates are prepared. On the following day the colonies are counted, and the bactericidal activity is calculated in units per milliliter. In these experiments, a bactericidal unit is defined as the amount of test preparation required to kill 99% of the bacteria during the 2-hr incubation period. Consequently, the reciprocal of the dilution which kills 99% of the standard inoculum equals the number of bactericidal units per milliliter.
Preparation of antiserum. Guinea pigs were immunized with four weekly subcutaneous injections of 1 ml of either purified rabbit /3-lysin (80 units per ml), normal rabbit serum (20 units per ml), or washed rabbit platelets (4 X 109 platelets per ml); 10 days after the last immunizing injection, the guinea pigs were bled and the sera were collected.
Immunodiffusion. The Ouchterlony doublediffusion technique was employed to test the antiserum for the presence or absence of precipitins. Wells (1 cm in diameter and 0.5 cm apart) were cut in a 1% agar plate and filled with either purified ,B-lysin or undiluted antiserum. The Ouchterlony plates were stored in a refrigerator and were examined periodically for precipitin lines.
Neutralization of bactericidal activity. In all neutralization tests, the undiluted antiserum was added to an equal volume of the bactericidal preparation to be tested. This mixture was allowed to react for 30 min at 37 C before it was assayed for bactericidal activity. All neutralization and bactericidal tests compared with each other in this study were carried out on the same day with the same bacterial culture to minimize experimental errors inherent in the bactericidal assay. Normal guinea pig serum or antiserum devoid of neutralizing antibody was substituted as controls for the test serum whenever neutralization experiments were performed.
RESULTS
Thermostability of j3-ly&in. The importance of using purified preparations in determining the characteristics of /3-lysin is illustrated by the heat denaturation experiments. In these experiments, samples of undiluted serum and freshly prepared /3-lysin which had been kept at 5C were subjected to the conditions listed in Table  1 (column 1) immediately before assaying for /3-lysin activity. The ,B-lysin used in the thermostability studies was prepared from a small volume of serum so that it would have the same ,B-lysin concentration as normal serum. The denaturation of j3-lysin in the majority of the serum samples, but not in any of the purified preparations held at the lower temperatures, may be due to the interaction of j3-lysin with some other serum component, such as a proteolytic enzyme.
The marked inactivation of /3-lysin in the presence of other serum components at 65 C is consistent with the results obtained by others, who heated whole serum (Pettersson, 1926; Myrvik, 1956) . It is speculated that the loss of f3-lysin activity in serum at these temperatures is caused by a masking reaction involved in the coagulation of other proteins present rather than by the true heat denaturation of /3-lysin. The turbid appearance of serum when heated at 65 C for 30 min indicated that some coagulation had taken place. A protein gel was formed in serum by 10 min at 70 C, and coagulation was exten-sive by 30 min. In contrast, purified j3-lysin preparations resisted inactivation with no gross evidence of coagulation at 70 C for 30 min. The inactivation of ,B-lysin in serum but not in purified preparations, as well as the failure of the purified 3-lysin to coagulate at 70 C, is probably related to the low concentration of contaminating proteins in the purified material.
Heating an unbuffered preparation of purified f-lysin in a boiling-water bath (97 C) for 15 min did not cause any measurable inactivation of its bactericidal effect. The fl-lysin activity was decreased by 50% in only three of nine samples held for 30 min in a boiling-water bath. The number of survivors in the other six samples was in every case a little greater than in the unheated controls. This indicated that slight heat denaturation had taken place in these samples, even though no difference in ,B-lysin titer was measurable. Heating at 97 C for longer periods caused a depression of ,B-lysin titers of all purified preparations. Autoclaving for 15 min at 120 C completely destroyed the bactericidal activity of purified j3-lysin.
Specificity of anti-fi-tysin serum. Neutralization and Ouchterlony tests were performed with the individual guinea pig antisera prepared against rabbit platelets, serum, or purified fi-lysin.
The results of these tests are recorded in Table 2 . By use of the immunization procedure outlined in Materials and Methods, only 6 of the 11 guinea pigs immunized with the purified $-lysin produced neutralizing antisera. All of the antisera, including the non-neutralizing antisera, contained precipitating antibody which would react with the purified s-lysin. Furthermore, the nonneutralizing antisera had just as many precipitin lines as did the neutralizing antisera. The precipitin lines between the #-lysin and the neutralizing and non-neutralizing antisera joined one another without a spur, indicating that these sera contained similar or identical precipitins. It was never demonstrated that the neutralization reaction was related to a specific precipitin line, even though a large number of different antisera were subsequently tested. For these reasons, it is assumed that the precipitinogens responsible for the Ouchterlony lines are due to contaminants in the purified ,B-lysin preparations and are not related to the neutralizing antibody. The use of both neutralizing and non-neutralizing anti-A-lysin provides a selective system for determining the presence or absence of #-lysin in a bactericidal preparation, The finding (Table 2 , column 1) that two of the seven guinea pigs which were immunized with platelets produced neutralizing antibody against VOL. 88, 1964 1051 (Donaldson et al., 1964) . Table 3 records the effect of the anti-g-lysin on the bactericidal activity of normal rabbit serum and purified 3-lysin. The non-neutralizing antiserum, which contained precipitins identical to those of the neutralizing antiserum, did not neutralize the bactericidal activity of either normal rabbit serum or purified 3-lysin. In contrast, the neutralizing antisera inactivated fl-lysin in either the presence or absence of other serum constituents. This neutralization of the bactericidal activity of serum and purified f-lysin may be complete, since the smallest concentration of ,B-lysin that could be measured with the techniques employed in this study was 2 units per ml.
Neutralization of platelet extracts by anti-3-lysin. In the course of the preparation of plakin by the technique of Amano et al. (1952) , it was observed that both the sediment and the supernatant fluid from osmotically shocked platelets were bactericidal for B. subtilis. Table 4 records the results obtained when neutralizing and nonneutralizing anti-f3-lysin were added to the bactericidal sediment from the shocked platelets. A 1:256 dilution of a suspension of the platelet sediment killed all but 378 of the 39,600 organisms of the original inoculum during the 2-hr incubation used in the bactericidal test. Consequently, the platelet sediment suspension had 256 units of f-lysin per ml. This activity was neutralized to less than 2 units per ml by active anti-,B-lysin. When the non-neutralizing anti-f3-lysin, which contained precipitins induced by injections of purified f3-lysin, was added to the platelet sediment, the bactericidal activity was greater than that of the sediment singly. This reactivating effect of non-neutralizing antiserum, which by itself was not bactericidal, was seen with all platelet extracts tested. (1952) . Like the platelet sediment, the crude plakin was neutralized by guinea pig antiserum which inactivated purified f-lysin. The anti-f-lysin which did not neutralize purified ,B-lysin had a slight activating effect on the bactericidal activity of crude plakin. This activation is evidenced by differences in the number of organisms that survived the bactericidal tests recorded (Table 5 , lines 1 and 2). t Too many to count.
I Distilled water blank taken through purification procedure.
Difficulty was encountered in obtaining purified plakin which had significant bactericidal activity. However, both times that bactericidal activity was found in the purified plakin it was also neutralized with the neutralizing anti-,B-lysin. The neutralization results obtained with the most active purified plakin preparation are recorded in Table 6 . The non-neutralizing anti-3-lysin did not neutralize the plakin, and had a more pronounced activation effect than that seen with the other platelet extracts. A distilled-water control, taken through the plakin purification procedure, had 10 units of bactericidal activity per ml, indicating that the chemicals used in the purification procedure were present in concentrations which were bactericidal. This also explains why the neutralization of plakin was not as complete as that seen previously with the crude plakin and the platelet sediment.
To further demonstrate the serological relationship between f-lysin and the platelet extracts, neutralization tests were performed with the antiserum prepared in guinea pigs against rabbit platelets. Antiplatelet serum neutralized the bactericidal effects of serum and purified ,B-lysin and the platelet sediment (Table 7) . Purified,B-lysin + antiplatelet serum...
<2
Leukin neutralization. Bactericidal preparations of crude and purified leukin were prepared from leukocytes obtained from peritoneal exudates of rabbits. The crude leukin consisted of washed leukocytes osmotically shocked with distilled water and kept at 37 C for 12 hr. Purified leukin was prepared from the crude leukin by acid precipitation, centrifugation, ammonium sulfate fractionation, dialysis, and lyophilization as reported by Skarnes and Watson (1956) . Neutralization experiments were carried out on both leukin preparations. No loss of bactericidal ac-1053 VOL. 88, 1964 tivity was found when either of the leukin preparations was exposed to anti-fl-lysin (Table 8 ).
These observations indicate that f-lysin and leukin are serologically different bactericidal agents. All attempts to produce a neutralizing antileukin by immunization of guinea pigs with leukin prepared from rabbit leukocytes were unsuccessful. These negative results might be expected, since leukin is a basic polypeptide which may be too small to be antigenic (Bloom et al., 1947) .
DIscussIoN
Shortly after the discovery that normal serum was lethal for B. anthracis, it was observed that this lethal agent in serum resisted inactivation by heating at temperatures and times (56 C, 30 min) which inactivated complement. f-Lysin has been referred to as a thermostable substance, even though the true thermostability was underestimated, as shown in this study. It is of interest that the bactericidal activity of whole serum was depressed by thermal conditions (60 to 65 C, 30 min) near those causing coagulation. The finding that most of the purified preparations of 13-lysin resisted inactivation at 97 C for 30 min without any evidence of coagulation illustrates the importance of using purified preparations in measuring thermostability. The possibility that the bactericidal activities of serum and purified ,B-lysin were due to separate bactericidal systems because of the marked differences in thermostability was eliminated by the observation that antibody against purified ,B-lysin neutralized the bactericidal activity of both serum and purified ,B-lysin. The reported heat denaturation results also explain why 3-lysin was previouslv believed to be less heatstable than plakin or leukin, and correct the fallacy concerning the differences in thermostability of these substances.
The observation that the bactericidal extracts from platelets and serum were serologically identical is in accord with previous studies (Donaldson, 1954; Hirsch, 1960; Hunder and Jacox, 1963) which implicated platelets as the origin of the serum bactericidal component. The findings that anti-fl-lysin as well as antiplatelet sera caused complete neutralization of serum bactericidal activity against B. subtilis implicate plakin or 3-lysin as the primary or sole agent responsible for this type of activity in serum. This conclusion is strengthened by the observation that anti-f-lysin has no neutralizing effect upon the bactericidal activity of leukocyte extracts. On the basis of the latter results, it is suggested that leukocytes contribute little, if any, to the bactericidal activity of normal serum against this organism. When quantitative measurements were carried out to determine whether extracts from osmotically shocked platelets could account for all of the bactericidal activity of serum, it was found that 30 to 70% of the serum bactericidal activity could be accounted for by the platelet extracts. The variation in these results, and the less than 100% of the serum bactericidal activity accounted for by the platelet extracts, may have been due to technical difficulties encountered in obtaining consistent or complete release of the f-lysin from the platelets.
It is believed that the antigen-antibody system involved in the neutralization of ,B-lysin may be a nonprecipitating system. This speculation is based on the fact that repeated attempts to relate neutralization to a specific precipitin line have been unsuccessful. Both neutralizing and non-neutralizing anti-13-lysin produced identical Ouchterlony lines against f-lysin. Furthermore, a bactericidal fraction which is negative when tested for precipitinogen content was prepared from the purified ,(-lysin by the use of sucrose density-gradient ultracentrifugation.
It was observed that normal guinea pig serum, like the non-neutralizing anti-,B-lysin of guinea pig origin, enhanced the bactericidal activity of all platelet extracts. This could mean that the two components which Myrvik and Leake (1960) 
